Abstract. The interpretation of a measured x-ray spectrum from a carbon plasma induced by subpicosecond laser pulses (Wilhein T et al 1998 J. Opt. Soc. Am. B 15 1235) is re-examined. We calculate a synthetic Lyman spectrum emitted from a plasma layer at a given temperature and density, using a microscopic approach to the lineshape in dense, non-ideal plasmas. Special attention is given to the Stark broadening of the Ly-γ line. Self-absorption is taken into account within a simple model considering one-dimensional radiation transport in a plasma layer. Comparing the synthetic spectrum with the experimental one, we infer a temperature of T = 10 6 K and an electron density of n e = 3×10 21 cm −3 . While the temperature is in agreement with Wilhein et al, the inferred density disagrees by one order of magnitude.
Introduction
Stimulated by recent developments in the generation of high-intensity femtosecond laser pulses [1] , broad interest exists in characterizing the properties of high-density, high-temperature plasmas. Typically, densities as high as 10 24 cm −3 and temperatures up to 1 keV have been found [2, 3] . Due to the high temperatures, even large-Z materials are highly ionized, making these plasmas a bright source of x-ray radiation [4] .
As is known from traditional laboratory plasmas, spectroscopic methods present a reliable tool to determine various properties in plasmas [5] . These methods can be extended to laserinduced plasmas [6] . For the diagnostics of laser-induced plasmas a theory of line profiles in dense plasmas is necessary. Due to the interaction between the charged constituents of the plasma the lines are shifted and broadened-an effect known as pressure broadening [7] . Several semiclassical [8] and quantum-mechanical [9] approaches to spectral lineshapes in dense and hot plasmas have been developed. A quantum-statistical approach to the electronic contribution was developed using thermodynamic Green functions [10] [11] [12] . Usually, a microfield concept is used for the ions, the electrons are treated in the impact approximation.
Lately, a number of high-precision spectroscopic measurements of laser-induced plasmas have been carried out [13] [14] [15] . Among these are absolute measurements of the emitted photon number with high spectral resolution. Using the quantum-statistical approach, spectral line profiles can be calculated for a plasma of given density and temperature conditions assuming local thermal equilibrium (LTE). However, these spectral line profiles cannot immediately be applied for the interpretation of the experimental spectra for two reasons: (a) one has to consider the radiation transport through the plasma; (b), in general, we have to consider a non-equilibrium situation, where the plasma parameters depend on time and position.
In this paper, we focus on the experiment reported by Wilhein et al [13] and re-examine the interpretation of density and temperature conditions. Our objective is to find a reasonable description of the full Lyman spectrum. We consider a model where the radiation is emitted from a plasma layer of thickness d, having a uniform electron density n e and temperature T . To account for self-absorption a linear radiation transport equation is used to relate the emission coefficient to the observed intensity. To infer the plasma parameters, we start with an analysis of the Ly-γ line. We show that the plasma parameters inferred by Wilhein et al are inappropriate, leading to large Stark splitting of the Ly-γ line. This is not found in the experiment. Consequently, we show that the inferred density is significantly reduced compared with that of Wilhein et al. In general, a laser-produced plasma is an expanding source of radiation, characterized by time-dependent density, temperature and ionization profiles. Time-resolved spectroscopy gives a tool to access experimental information about these profiles. In the present paper we study line profiles, assuming thermal equilibrium and stationary temperature and density conditions. A refined analysis should be carried out using non-LTE models, e.g. based on hydrocodes. This will be studied in a forthcoming paper.
In section 2, we give a short review of the experiment we are referring to. Section 3 presents details of the quantum-statistical approach to line profiles used to analyse the experimental data. Applying this formalism, synthetic spectra for given densities and temperatures are compared with experimental spectra in section 4. Finally, conclusions are drawn in section 5.
Results for a laser-induced dense carbon plasma
As an example we study a carbon plasma generated by ultra-short pulses of a KrF * -excimer laser system at an intensity of 2 × 10 16 W cm −2 [13] . We give a brief description of the experiment. The laser system delivered pulses with an energy of 18 mJ and a duration of about 0.7 ps. The wavelength of the laser light is 248 nm. The spectrum of the generated plasma can be seen in figure 1. In this figure, the positions of the first Lyman lines of an unperturbed C 5+ ion are depicted by the dotted lines. A novel spectrograph based on an elliptical off-axis reflection zone plate was used to record soft x-ray spectra in the wavelength range λ = 2.1-4.3 nm. The spectrograph was absolutely calibrated at the x-ray microscopy beam line (Forschungseinrichtung Röntgenphysik, Göttingen, Germany) of the Berlin electron storage ring BESSY. As well as high resolution, the spectrograph provides an absolute measurement of the photon number or brilliance emitted by the laser-generated plasma. The theoretical spectral resolving power λ 0 / λ that is obtained by the zone plate exceeds 1000. The practical resolving power of the device is limited by the x-ray source size since the plasma is directly imaged without an entrance slit onto the image plane with a magnification of two. The linear dispersion in the image plane is 38 mm nm −1 which gives for a typical source size of 30 µm a spectral resolution of about 2×10 −3 nm, which is smaller than the observed spectral broadening. Further details of the experimental set-up can be found in [13] .
From the analysis of the measured spectra, using the radiation transfer code RATION [16] , Wilhein et al inferred an electron density of n e = 4 × 10 22 cm −3 and a temperature of T = 90 eV.
We will carry out a refined analysis focusing on the line profile in equilibrium (Stark broadening) for a larger section of the spectrum. Being interested in this application, the parameter range considered here is limited to temperatures of the order of 100 eV and electron densities between 10 20 and 10 23 cm −3 . As already pointed out in the introduction, we will consider a plasma sheet of given thickness d, having a uniform electron density n e and temperature T . Under these conditions, the plasma is dominated by C 5+ and C 6+ ions with an averaged ionization degree near 5 as was estimated from the Saha equation. From C 5+ a hydrogen-like Lyman spectrum is observed. A smaller concentration of C 4+ is also visible, leading to helium-like spectral lines and helium-like satellites of the Lyman lines. We introduce the following notation to be used in our model: the ion charge number is denoted by Z i = 5, and the charge number of the carbon nucleus by Z n = 6. Furthermore, the various masses are denoted: m e electron mass, m i mass of the C 5+ ion and m n mass of the carbon nucleus.
Emission from a plasma sheet of given temperature and density

General formalism
Spectral lines of radiation emitted by plasmas are deformed by the pressure broadening due to the interaction between the radiating atoms or ions and surrounding plasma particles as well as by the Doppler broadening arising from the thermal motion of the radiators. Other mechanisms deforming the shape of the spectral lines such as the fine structure splitting of the atomic levels do not play an important role for the plasma conditions considered here. Furthermore, our approach is worked out only to calculate pressure-broadened lineshapes of atomic hydrogen or hydrogen-like ions. Therefore, our calculations will not include helium-like satellites of the hydrogenic lineshapes calculated here.
For the description of pressure broadening, different concepts are used to treat the contribution of the plasma ions and that of the plasma electrons. A criterion [7] Because of their low mass and thus their high thermal velocity, the plasma electrons usually satisfy the first inequality for ω. Hence, we have calculated the electronic contribution to the pressure broadening in the impact approximation. In contrast, the mass of the ions is much larger leading to a smaller thermal velocity. Thus, the plasma ions are treated in the quasi-static approximation, leading to a static ionic microfield.
The full Doppler-broadened line profile is obtained by convolution of the pressurebroadened line profile I pr ( ω) with a Maxwellian velocity distribution function [11] 
The pressure-broadened line profile I pr ( ω) in the quasi-static approximation is obtained by averaging over the ionic microfields [10] 
where P (E) is the field distribution function. Medium modifications enter into the function
via self-energies n (ω, E), which consist of an ionic and an electronic contribution
. They act only in the space of the initial (n = i) or the final (n = f ) states.
V if is the so-called vertex correction due to the coupling between the upper and the lower states. As shown in [17] , the vertex contribution V if vanishes for Lyman spectra. Explicit expressions for the ionic and electronic contributions to the self-energies will be presented below.
The field-distribution function P (E) is obtained by the adjustable-parameter exponential approximation (APEX) proposed by Iglesias et al [18] . APEX is a phenomenological method based on the pair correlation function to calculate microfield distributions in strongly coupled plasmas. It is in good agreement with Monte Carlo and molecular-dynamics simulations for electric fields at highly charged points. We use the Debye-Hückel pair correlation function since effects of strong coupling between the ions are small.
Ionic contribution to the lineshape
The ionic self-energy has been calculated by means of the microfield concept, i.e. the considered radiator interacts with the microscopic electric field of all plasma ions, the ionic microfield.
The interaction potential is statically screened by the plasma electrons. For a hydrogen-like radiator with its nucleus at the location R, the interaction potential reads
where R a is the location of the ath ionic perturber with charge Z i e, r is the vector from the nucleus to the electron of the radiator and r D = ε 0 k B T /(n e e 2 ) is the Debye screening radius. The interaction potential may be expanded in multipole contributions. We have taken into account the dipole contribution due to the microfield and the quadrupole contribution due to the spatial variation of the microfield,
with the microfield of all plasma ions
and d = −er is the atomic dipole moment. The dipole contribution causes the Stark effect [19] , giving a splitting of spectral lines in first-order perturbation theory (linear Stark effect) and a redshift as well as an asymmetry contribution in second-order perturbation theory (quadratic Stark effect).
The quadrupole interaction gives a contribution to the line asymmetry [20] [21] [22] .
, is a traceless tensor, which in the following is called the gradient of the microfield. For Debye-screened perturbers, this property reads [22] 
is the atomic quadrupole tensor. To calculate the self-energy from the interaction potential (2), we assume the radiator to be in the coordinate origin, i.e. R = 0. The first term in equation (2) is the monopole term, which gives no direct contribution to the lineshape, because the resulting shifts for the initial and final levels compensate. However, the distribution of the ionic perturbers around the radiator, and therefore the field-distribution function is changed by the radiator charge, which is taken into account while using the APEX field distribution function. Now, the ionic self-energy
is the sum of the self-energy contributions due to the linear ( 1 n (E)) and quadratic ( 2 n (E)) Stark effect, and that due to the quadrupole effect ( For the self-energy due to the Stark effect, we have used an expansion in the usual expressions for the linear Stark effect,
and for the quadratic Stark effect
e.g. [23, 24] . n 1 , n 2 , m are the quantum numbers for the representation of hydrogen wavefunctions in parabolic coordinates. They are related to the principal quantum number n by n = n 1 + n 2 + |m| + 1. The quadrupole contribution may be included by use of an averaged field gradient for a given field. We have used the expression of Halenka [22] 3
B ρ (β) is the averaged field gradient for a given field strength, being the generalization of the function B(β) of Chandrasekhar and von Neumann [25] to screened systems within the Baranger-Mozer limit [26, 27] , where ρ = R 0 /r D is the screening parameter. R 0 is the next-neighbour distance, which is related to the Holtsmark normal field strength
2/3 (see, e.g., [28] ) by E 0 = Z i e/(4πε 0 R 2 0 ), and β = E/E 0 is the reduced field strength.
Quantum statistical approach for the electronic self-energy
The electronic self-energy e n (ω) has been calculated from a quantum-statistical many-particle approach, using the technique of thermodynamical Green functions, which is explained in [12] . It may be derived from the expression [11] e nn (p, λ ) =
with the dynamically screened potential for the radiator-electron interaction
ω − ω µ the two-particle Green function G 2 (α, p + q, λ + ω µ ) for the radiating atom, and the matrix elements M nα (q) for virtual transitions from the considered state n to excited states α. λ and ω µ are bosonic Matsubara frequencies, and ε(q, ω µ ) is the dielectric function taken here in the random-phase approximation (RPA) (see, e.g., [12] ). Neglecting the first term in V s (q, ω µ ), which leads to the exchange (Fock) self-energy, the frequency-and field-dependent self-energy is derived [11, 17] which reads (with m e m i ) are the matrix elements, depending on the momentum transferhq. As usual, we have neglected the dependence of the electronic self-energy on the field strength β and on the frequency, i.e. we have assumed β = 0 and δω = 0. The latter corresponds to the usual impact approximation [7] . To calculate the matrix elements M nα (q), the expansion of a plane wave in spherical harmonics (e.g. [23, 29] )
has been used, where only the contributions with l = 0, 1, 2 are taken into account, giving the monopole contribution, the dipole contribution and the quadrupole contribution of the radiator-electron interaction.
Estimation of self-absorption in laser-induced plasmas
In order to estimate the influence of self-absorption, we introduce a simple model of the emitting plasma. We considered one-dimensional radiation transport in a plasma layer of thickness d with a uniform density n and temperature T similar to the treatment in [30] . Within our model, the observed intensity I obs (ω) is given by [30, 31] 
where τ (ω) is the optical depth and S ω is the so-called source function. Assuming local thermal equilibrium, the source function is given by the Planck distribution of black-body radiation S ω =hω 3 /8π 2 c 2 exp (hω/(k B T )) − 1 −1 . Consequently, the line profile for an optically thick line is essentially given by the black-body spectrum. Several absorption mechanisms such as line absorption and scattering processes contribute to the optical depth. Only contributions due to line absorption are taken into account here, resulting in [30, 31] τ (ω) ≈ e 
where f if is the absorption oscillator strength for the transition considered, n i is the number density of ions in the lower states of the transition and I (ω) is the normalized line profile obtained in the previous section. Since the absorption coefficient is proportional to the line profile, self-absorption affects the line centre much more strongly than the line wings.
Analysis of a laser-induced carbon plasma
Comparison of different methods for the calculation of the electronic contribution to the Stark broadening
Wilhein et al [13] have determined the plasma conditions by a fit of a theoretical profile of the Ly-α line to their measured one using the computer code RATION [16] . In this code, the electronic contribution to the Stark broadening is calculated by the formula Figure 2 . Logarithmic representation of the full spectrum measured in [13] compared with a synthetic spectrum, consisting of profiles of the first four Lyman lines of C 5+ ions in a carbon plasma, and for a temperature T = 90 eV/k B and an electron density n e = 4.0 × 10 22 cm −3 referred to in [13] within different approximations. Dotted curve, spectrum calculated using a classical cut-off parameter, only dipole contributions in the calculation of the electronic width are included according to [16] . Broken curve, profile calculated within a quantum mechanical treatment, only dipole contributions in the calculation of the electronic width are included. Shortbroken curve, profile calculated within the quantum statistic formalism outlined in the sections 3.2 and 3.3.
with
Here, ε(k, ω) is the dielectric function in the random phase approximation, and d is the dipole operator. In contrast to our approach, the RATION code only takes the dipole contribution to the electronic Stark broadening into account, and a classical cut-off parameter has to be introduced to regularize the k integration
, Zm e v th n 2h .
v th = √ 3k B T /m e is the thermal velocity of the plasma electrons, a B is the Bohr radius. For the plasma conditions considered here, the first term in brackets is the smaller one.
To point out the resulting difference in the lineshapes due to the different approximations, we have modified our approach to mimic RATION by only taking into account the dipole contribution to the electronic width, and using the classical cut-off parameter instead of our quantum mechanical treatment of the plasma electrons. Figure 2 shows a part of the carbon spectrum, yielded from [13] , compared with a Lyman spectrum containing Ly-α, Ly-β, Ly-γ and Ly-δ profiles, calculated for the plasma conditions from [13] within three different approximations (see also figure 7 in [13] ). Here, we have neglected all effects in the calculations leading to a line shift and asymmetry (see section 3), which is sufficient to illustrate the effects due to the different methods. In the first method (a), we take into account only the dipole contribution to the electronic Stark broadening, and the classical cut-off parameter k max is used. In the second method (b), only the dipole contribution is included, but instead of the classical cut-off procedure our quantum mechanical approach is used. The third method (c) is our approach introduced in the previous sections. Note, that the Ly-α line is strongly modified by self-absorption suppressing the maximum in the line centre. Thus, the different calculated Ly-α profiles are similar to one another, and they fit the measured Ly-α well. In conclusion, the Ly-α line is not appropriate to estimate the plasma parameters. In contrast, the shapes of the Ly-γ profiles differ strongly from one another. Here (see figure 3) , the differences between the Ly-γ profiles calculated within the different methods increase with the density. Compared with our method (c), the approximations (a) and (b) underestimate the electronic widths of the Ly-γ line at high densities. This is a consequence of the neglect of the quadrupole contribution to the radiator-electron interaction in methods (a) and (b). Although there are significant differences between the various approximations, the width of the Stark splitting due to the ionic microfield leading to a high intensity in the line wings is too large for all calculated Ly-γ profiles, as can be seen in figure 4 . Thus, at a density of n e = 4.0 × 10 22 cm −3 , none of the calculated Ly-γ profiles can reproduce the experiment, while fixing the density to n e = 3.0 × 10 21 cm −3 we find better agreement in the line wings, see the next section. Comparison of the Ly-γ profile measured in [13] and Ly-γ profiles calculated for the plasma conditions referred to in [13] using different methods. The labelling of the graphs is the same as in figure 2. 
Estimation of the plasma parameters
We apply the formalism presented in section 3 to the x-ray spectrum of a laser-induced carbon plasma obtained by Wilhein et al [13] . The line of reasoning used to analyse the spectrum is as follows.
(a) We determine the temperature from the slope of the Lyman continuum. (b) In a first step, we neglect self-absorption. Being small in intensity compared with Ly-α and Ly-β, the Ly-γ line will be less affected by self-absorption. Using the temperature determined previously, the calculated Ly-γ line is fitted to the measured one by varying the electron density. (c) Using the parameters obtained by the fit of the Ly-γ line a synthetic spectrum is generated adjusting the known intensity ratios for the different lines. It is found that the Ly-α and Ly-β are significantly suppressed by self-absorption. (d) The amount of self-absorption is estimated using the one-dimensional model discussed above. Furthermore, it is found that the Ly-γ line is affected by self-absorption to a lesser degree.
In detail, we start our analysis with a fit of the C 5+ Lyman continuum which is shown in figure 5 . The intensity of the Lyman continuum I Cont (ω) is proportional to the occupation density of the continuum of scattering states corresponding to C 5+ ions, which in turn is proportional to the Bose distribution function. Since the temperature is expected to be larger than the smallest relevant energy, i.e. that of the Ly-α line, we approximate the figure 5 . We obtain a temperature of T = 86 eV ≈ 10 6 K in accordance with T = 90 eV reported in [13] .
Next, to determine the electron density, we focus on the Ly-γ profile. In figure 6 line profiles for pure Ly-γ emission at different electron densities are compared with the measured spectrum, keeping the temperature fixed to that obtained from the continuum. Note that the measured spectrum has been corrected for the bremsstrahlung continuum. The profile corresponding to an electron density of n e = 3 × 10 21 cm −3 shows the best agreement with the experimental lineshape. In particular, the line wings are reproduced in contrast to the profiles obtained in the previous section.
To quantify the amount of self-absorption we generate a synthetic spectrum starting from the theoretical Ly-γ profile. Assuming a thermodynamic equilibrium, the relative intensities of the Lyman lines scale as
where R n1 |r|R 10 is the radial part of the dipole matrix element for the atomic transition np → 1s as can be found in [24] . For exploratory reasons, we fixed the strength of the Ly-γ line, and adjust the intensity of the lines for a temperature T = 10 6 K according to the ratios calculated from equation (6) . The obtained synthetic spectrum is given in figure 7 . For comparison, the measured spectrum is shown as well. Once again, the bremsstrahlung continuum is subtracted from the experimental spectrum. Substantial self-absorption effects are found for Ly-β at λ = 2.84 nm and Ly-α at λ = 3.37 nm (see the inset), being larger for Ly-α. Note that the wings of the profiles are reasonably reproduced by the synthetic spectrum, as anticipated from the discussion in section 3.4. In figure 8 the same spectrum is given with logarithmic scaling to emphasize the large self-absorption for the Ly-α line. Furthermore, a black-body spectrum with a temperature T = 90 eV is displayed. It has been adjusted to the maximum of the Ly-α profile. As one can see, it also fits the maximum of the Ly-β line. This confirms that self-absorption limits these Lyman lines.
We estimate the modifications of the different Lyman lines due to self-absorption by using the simple model given in subsection 3.4. We use the transition oscillator strength as tabulated in [32] . The resulting profiles are shown in figures 9-11. Since the black-body intensity is adjusted to the maximum of the Ly-α profile, the only free parameter in our model is the thickness d of the plasma layer (see equation (4)). Various values for the thickness d of the plasma layer are used. As anticipated, the Ly-α and Ly-β lines are strongly modified by selfabsorption effects. In particular, the line profile is limited by the black-body spectrum in the centre of the line. The larger the thickness the broader the profile. In contrast, the Ly-γ profile is only weakly affected by self-absorption. Here, the dependence on the thickness d is only due to the increasing emission volume. From comparison with the experimentally obtained Ly-α profile, a thickness of d = 60 µm is deduced. For the Ly-β profile, a spectrum with Figure 7 . Detail of the Lyman spectrum shown in figure 1 . The broken curve is the calculated spectrum (no self-absorption considered), while the full curve is the experimental spectrum [13] . The bremsstrahlung continuum has been subtracted. d = 60 µm fits best as well, while the Ly-γ line indicates d = 30 µm. Having in mind the simple model designed to describe self-absorption, these results do not exclude one another. Note that the brilliance of the Ly-β and Ly-γ profiles is not adjusted but obtained from fixing the brilliance of the black-body spectrum to the Ly-α line.
Furthermore, a thickness of a few micrometres is also consistent with simple reasoning concerning the plasma expansion. Hydrodynamic codes show that the expansion velocity of the plasma can be estimated by the ion sound velocity being c s = (Z i k B T /m i ) 1/2 . Assuming an electron temperature of T = 90 eV and a fully ionized carbon plasma this results in c s ≈ 7 × 10 6 cm s −1 . In [33] the emission times of carbon plasma lines were measured under comparable experimental conditions. For the Ly-β line a radiation duration of 15 ± 4.5 ps was obtained for high-contrast laser pulses without preionization of the target due to prepulses. Supposing a linear plasma expansion the thickness of the plasma layer is about 1 µm after 15 ps, which is shorter than the absorption length of about 30-60 µm deduced from the carbon spectrum in this work. A possible explanation is that the plasma emission time strongly increases up to 100 ps and more in the case that prepulses lead to a preionization of the target [33] . The thickness of the plasma layer then is comparable to the deduced absorption length, which implies that for the measurement in [13] a preionization of the target was present. This point requires further investigation.
Note, that the dip in the Ly-α profile is not reproduced. It is likely to be caused by line inversion due to the outer and cooler regions of the plasma. Furthermore, the correct form of the red wing of the Ly-β profile is not obtained by our simple model, probably as a consequence of the neglect of helium-like satellites in our model. To describe these features, we have to Figure 8 . Synthetic Lyman spectrum (no self-absorption considered) of the C 5+ ions in a laserinduced carbon plasma (dotted curve), T = 90 eV/k B , n e = 3.0 × 10 21 cm −3 . The full curve is the experimental spectrum [13] , the chain curve denotes the spectrum for black-body radiation (T = 90 eV, intensity adjusted to the Ly-α maximum). refine our model, including a reasonable temperature profile. In [34] , a multiple-layer model was introduced to simulate the non-uniform plasma. A dip in the Ly-α profile was found due to line inversion. Furthermore, the different layer thicknesses derived above from Ly-β and Ly-γ indicate that a time-dependent description should be used; e.g. within such a model it can be checked whether the emission times of the Lyman lines differ. This will be the subject of further work. A general scheme to calculate the spectrum of an expanding non-equilibrium plasma is developed in [35] .
Conclusions
We have inferred electron densities and temperatures from an x-ray spectrum of a carbon plasma produced by intense femtosecond laser pulses. The synthetic spectra are obtained using a quantum-statistical approach to the spectral lineshape in dense, non-ideal plasmas. We use the microfield concept to describe the ionic contribution to the broadening, shift and asymmetry of spectral lines of dense plasmas, and a systematic quantum-statistical approach for the electronic contribution. We find a temperature of T = 10 6 K, while the inferred electron density is n e = 3 × 10 21 cm −3 , which is one order of magnitude smaller than that given in [13] . The conditions are deduced from a fit to the Ly-γ line. These conditions are consistent with the slope of the black-body spectrum limiting the Ly-α and Ly-β lines due to self-absorption. Using a simple model for radiation transport in a one-dimensional plasma slab, we estimate the amount of self-absorption. The agreement between the synthetic and the experimental Figure 9 . Brilliance including self-absorption for the Ly-α line, calculated for T = 90 eV/k B and n e = 3.0 × 10 21 cm −3 . Various spectra for different layer thicknesses d are shown. The measured spectrum [13] corrected for the background is also shown. The line profile is limited by the black-body spectrum (T = 90 eV, intensity adjusted to Ly-α maximum) in the line centre. Figure 10 . Brilliance including self-absorption for the Ly-β line, calculated for T = 90 eV/k B and n e = 3.0 × 10 21 cm −3 . Various spectra for different layer thicknesses d are shown. The measured spectrum [13] corrected for the background is also shown. The line profile is limited by the black-body spectrum (T = 90 eV, intensity adjusted to Ly-α maximum) in the line centre. Figure 11 . Brilliance including self-absorption for the Ly-γ line, calculated for T = 90 eV/k B and n e = 3.0 × 10 21 cm −3 . Various spectra for different layer thicknesses d are shown. The measured spectrum [13] corrected for the background is also shown. For comparison, the blackbody spectrum (T = 90 eV, intensity adjusted to Ly-α maximum) is shown. Figure 12 . Brilliance including self-absorption for a Lyman spectrum consisting of Ly-α, -β, -γ and -δ profiles calculated for T = 90 eV/k B and n e = 3.0 × 10 21 cm −3 (dotted curve). Higher Lyman lines and the Ly continuum are included in the synthetic spectrum. The values for the thickness of the radiating plasma layer are those from figures 9-11. The measured spectrum [13] corrected for the background is also shown (full curve). spectrum is reasonable. It is found that self-absorption drastically modifies the Ly-α and the Ly-β lines, while the Ly-γ line is less affected. In order to reproduce further features and to obtain a more coherent picture of the emission from an expanding plasma, the transient nature of the plasmas has to be taken into account. Density and temperature profiles from hydro-codes should be used and atomic populations should be calculated from appropriate rate equations. However, a detailed analysis lacks the time integrated character of the measured spectra. To improve the comparison with theory, time resolved x-ray spectroscopy is required to obtain detailed information about the time evolution of laser-induced expanding plasmas.
